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FOREWORD 


The  work  described  In  this  report  was  performed  under  sponsorship 
of  the  Office  of  Naval  Research,  Contract  N00014-74-C-0365  with  Dr,  P.  A. 
Clarkin  acting  as  Program  Manager  for  the  Navy.  Work  conducted  during  the 
first  year  of  this  contract  involved  a study  of  the  effect  of  rare  earth 
additions  on  the  hydrogen  embrittlement  resistance  of  cathodically  charged 
and  cadmium  plated  steel.  Work  conducted  during  the  second  year,  covered 

in  this  report,  concluded  the  efforts  involving  charged  and  plated  4340  steel. 

This  report  has  been  assigned  TRW  Equipment  Number  ER  7814-2  and  the 
data  are  reported  in  laboratory  notebooks  Nos.  605  and  794. 


ABSTRACT 


The  addition  of  rare  earth  getter ing  agents  to  trap  hydrogen  was 
evaluated  as  a method  of  reducing  the  embrittlement  problems  in  steel 
cathodically  charged  with  hydrogen.  Additions  of  lanthanum  and  cerium 
made  to  AISI  steel  were  used  in  the  0.03"0.17  weight  percent  range. 


Mechanical  property  results  were  comparable  for  both  elements  and 
indicated  that  while  some  degradation  in  property  levels  occurred,  particularly 
at  the  high  rare  earth  content,  most  of  the  aircraft  quality  specification 
minimums  for  43^0  high  strength  steel  were  attained.  An  important  exception 
was  the  Charpy  impact  strength,  which  was  approximately  15%  below  the  minimum. 
Property  loss  was  attributed  to  the  formation  of  continuous  rare  earth  oxide 
inclusions  at  prior  austenite  grain  boundaries. 


Delayed  failure  test  results  indicated  substantial  improvements  in 
hydrogen  embrittlement  resistance  for  high  rare  earth  content  (>0.15 
weight  percent)  steels.  This  was  manifested  in  terms  of  increased  time  to 
crack  initiation  (incubation  time),  increased  failure  time,  higher  values 
for  the  lower  critical  stress  intensity  and  lower  crack  growth  rates  com- 
pared to  baseline  A3^0  or  the  low  rare  earth  modifications.  Cerium  was 
slightly  superior  to  lanthanum  only  in  terms  of  resulting  in  a higher  level 
for  the  lower  critical  stress  intensity.— 
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I INTRODUCTION 


The  deleterious  effects  resulting  from  hydrogen  in  ferrous  materials  have 
been  known  since  1926,  when  ductility  losses  in  steels  were  attributed  to  the 
presence  of  hydrogen  In  the  materials  (1,2).  The  magnitude  of  the  hydrogen 
problem,  however,  has  come  to  be  appreciated  in  the  last  twenty-five  years 
primarily  because  of  the  Increasing  demands  for  strength  and  toughness  re- 
quired of  modern  materials  exposed  to  hydrogen  environments. 

The  earliest  recognized  and  most  extensively  studied  form  of  hydrogen 
embrittlement  of  high  strength  steei  Is  that  due  to  hydrogen  within  the  metal 
lattice  (3~6).  Hydrogen  can  be  introduced  into  a metal  by  a variety  of  Industrial 
processes  such  as  welding,  acid  pickling  and  electroplating  resulting  in  a 
high  hydrogen  concentration  gradient  at  the  metal  surface  (7~ii).  Hydrogen 
embrittlement  has  also  been  observed  in  steel  structural  components  exposed  to 
aqueous  environments  (12).  Termed  stress  corrosion  cracking,  this  natural 
process  can  result  In  the  failure  of  a component  from  the  combined  action  of 
stress  and  chemical  attack.  It  is  now  fairly  well  established  that  stress 
corrosion  cracking  of  steels  In  aqueous  solutions  is  governed,  at  least  to 
some  extent,  by  a series  of  electrochemical  reactions  at  the  surface  which 
permit  the  entry  of  hydrogen  Into  the  metal  (13).  The  most  recent  type  of 
hydrogen  embrittlement  to  be  Investigated  results  from  the  direct  exposure  of 
a metal  surface  to  a gaseous  hydrogen  environment  (ii«,I5).  This  form  of 
hydrogen  embrittlement  has  been  regarded  with  increasing  concern  because  of 
the  predicted  future  widespread  use  of  a hydrogen  as  a fuel  (5).  Absorption 
of  hydrogen  gas  in  metals  is  potentially  a serious  problem  for  electric 
current  generating  fuel  cells  and  propulsion  systems  which  utilize  the  hydrogen- 
oxygen  reaction  as  a source  of  energy  (16,17)  or  for  systems  being  considered 
for  the  storage  of  high  pressure  gaseous  hydrogen  fuel  (18). 

The  general  effect  of  hydrogen  is  to  decrease  the  strength  of  a component 
causing  failure  to  occur  at  stress  levels  below  those  normally  used  for  design 
criteria.  Because  of  this,  considerable  effort  has  been  devoted  to  both  the 
characterization  of  the  phenomenological  aspects  of  hydrogen  embrittlement  and 
the  methods  to  eliminate  or  minimize  the  problem.  Studies  have  focused  on 
three  Important  areas:  (I)  the  original  location  and  form  of  hydrogen,  (2) 

the  transport  reactions  Involved  In  the  movement  of  hydrogen  from  its  origin 
to  some  point  where  It  can  Interact  with  the  metal  lattice  to  cause  embrittlement, 
and  (3)  the  mechanisms  of  the  embrittlement  interactions.  Although  an  ap- 
preciable understanding  of  the  effects  of  hydrogen  on  high  strength  steels  has 
been  achieved,  and  some  progress  has  been  made  In  mitigating  the  embrittlement 
problem,  the  fact  still  remains  that  design  engineers  must  incorporate  con- 
siderable safety  factors  to  Insure  the  prevention  of  catastrophic  failure  in 
structural  steel  components. 
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The  three  general  areas  In  which  efforts  have  been  made  to  minimize  the 
effect  of  hydrogen  in  high  strength  steels  include  the  following:  (I)  within  a 
component  itself,  where  hydrogen  can  be  trapped  and  rendered  less  harmful,  the 
embrittlement  mechanism  altered  or  the  hydrogen  movement  process  retarded,  (2) 
the  interface  between  the  component  and  the  service  environment,  where  a 
barrier  to  hydrogen  entry  can  be  formed,  and  (3)  the  environment,  where  in 
certain  applications  enough  flexibility  exists  to  modify  the  system  such  that 
the  reaction  rates  controlling  hydrogen  entry  can  be  appreciably  minimized. 

Several  techniques  have  shown  promise  in  influencing  the  degree  of 
embrittlement  once  hydrogen  has  entered  the  component  including  microstructural 
and  chemistry  alterations  (I9~2I),  baking  (22-2k)  and  prestressing  (25-27),  A 
number  of  serious  limitations  exist  with  the  application  of  these  methods. 

For  microstructure  and  base  alloy  composition  modifications,  overall  mechanical 
property,  fabr icabi 1 1 ty  and  economic  considerations  control  the  applicability 
of  such  methods  to  the  extent  that  little  real  flexibility  exists  for  wide 
variations  without  other  accompanying  problems.  For  baking,  long  bake  times 
are  Impractical  and  expensive  and  elevated  bake  temperatures  are  seriously 
limited  because  of  the  potential  degradation  of  base  metal  properties.  For 
prestress  techniques,  the  major  disadvantage  is  that  controlled  amounts  of  the 
required  magnitude  of  stress  may  be  difficult  to  impart,  particularly  to 
components  of  complex  shape. 

Numerous  methods  have  been  studied  to  prevent  hydrogen  entry  into  a high 
strength  steel  component  by  the  formation  of  a barrier  between  the  steel  and 
' the  service  environment.  Metallic  platings  have  been  developed  for  the 
protection  of  steels,  but  there  has  been  an  accompanying  embrittling  action 
resulting  from  the  plating  process  itself  (28-31).  Other  methods  employed  to 
form  a protective  surface  Interface  include  cathodic  protection  (32,33), 
nonmetal  lie  coatings  (3^,35)  and  heat  treatments  utilized  to  promote  a selective 
surface  composition  change  resistant  to  hydrogen  entry  (36).  Cathodic  protec- 
tion of  steels  can  be  limited  by  the  absorption  of  hydrogen  generated  at  the 
cathodic  surfaces  If  high  local  current  densities  are  applied.  Nonmetal  lie 
coatings  are  limited  In  their  application  because  of  their  susceptibility  to 
foreign  object  damage  and  thermal  shock.  Selective  surface  composition  changes 
are  somewhat  limited  because  of  the  heterogeneous  nature  of  the  changes  themselves. 

The  most  restricted  of  the  inhibition  techniques,  modification  of  the 
embrittling  environment,  suffers  from  the  fact  that  a structural  component's 
service  environment  cannot  always  be  altered.  The  most  immediate  applications 
for  these  methods  would  be  steel  tubing  or  pressure  vessels  which  contain  or 
transfer  hydrogen  containing  fluids  or  gasses  (37~39).  In  general,  however, 
these  techniques  cannot  always  be  applied. 
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Because  of  these  limitations  research  is  being  conducted  to  improve 
current  methods  and  to  develop  new  ones  to  inhibit  hydrogen  embrittlement 
to  high  strength  steels.  One  method  is  the  use  of  rare  earth  additions. 
Historically,  rare  earth  additions  such  as  lanthanum  and  cerium  have  been 
made  in  the  range  .05". 15  w/o  for  sulfide  shape  control  (40,4l).  Although 
strong  deoxidizers,  their  addition  after  standard  aluminum  deoxidation 
practice  has  resulted  in  desulfurization  (4l ) and  a change  in  manganese 
sulfide  shape  from  long  parallel  rods  to  a spherical  or  globular  form  (1*0, A2) . 
Increases  in  impact  strength  and  enhanced  isotropy  of  mechanical  properties 
have  been  reported  for  steels  with  such  inclusion  morphology  (^3).  Other  in- 
vestigators have  reported  increases  in  hardness,  tensile  strength  and  elonga- 
tion as  well  as  impact  strength  with  rare  earth  additions  {kk)  , Lanthanum 
and  cerium  in  particular  have  resulted  in  reduced  sensitivity  of  temper 
embrittlement  and  a shift  in  the  embrittlement  range  towards  lower 
temperatures  (45) . 


Recent  studies  have  indicated  that  rare  earth  additions  to  high  strength 
steels  can  also  increase  their  resistance  to  hydrogen  embrittlement.  Cerium 
and  lanthanum  appear  particularly  promising  in  this  regard.  Cerium  additions 
at  the  0.2  w/o  level  in  4340  type  steels  have  resulted  in  lower  susceptibility 
to  the  blister  or  flake  formation  type  of  hydrogen  embrittlement  by  forming 
stable  hydrides  below  1850°F  (lOlO^C)  (46).  Additions  at  the  0.07  level  were 
also  found  to  improve  corrosion  resistance  of  cast  irons  in  5%  aqueous  sulphuric 
acid  solutions  by  modifying  the  flake  graphite  morphology  to  a nodular  form  (47). 
Additions  of  cerium  and  lanthanum  in  combination  (approximately  60^Ce,  40^La) 
added  at  the  0.05,  0.09  and  0.13  w/o  levels  to  HY-80  steel  decreased  the  sus- 
ceptibility of  weldments  made  from  this  material  to  hydrogen-induced  cracking  (48). 
There  appeared  to  be  an  optimum  concentration  of  rare  earths  (0.09  w/o)  to 
achieve  the  maximum  reduction  in  susceptibility  to  the  hydrogen  induced  cracking. 
The  improvement  was  related  to  the  effect  of  the  rare  earth  additions  on  the 
morphology  of  the  sulfides  formed  in  that  the  change  from  an  elongated  particle 
to  a spherical  particle  morphology  significantly  reduced  the  sensitivity  of 
the  weldments  to  hydrogen- 1 nduced  cracking.  It  was  suggested  that  the  modifi- 
cation of  the  sulfide  compositions  may  also  have  been  a contributing  factor  to 
the  improvement,  but  further  studies  were  suggested  as  necessary  to  establish 
this  fact.  In  another  welding  study,  the  addition  of  0.2  w/o  Misch  Metal  (50^ 
cerium  plus  lanthanum  and  other  rare  earths)  was  able  to  eliminate  diffusible 
hydrogen  in  HY-I30  weldments  by  the  formation  of  stable  hydrides  (49)* 

These  studies  indicate  that  rare  earth  additions  to  high  strength  steels 
offer  potential  to  minimize  hydrogen  embrittlement  without  degrading  the 
baseline  properties  of  the  alloys  themselves.  The  important  consideration 
here  is  the  mechanism  by  which  rare  earths  minimize  embrittlement.  In  one 
instance  (46),  improvement  was  attributed  to  the  absorption  of  hydrogen  to 
form  stable,  nonembrittling  hydrides.  In  another  instance  (48),  improvement 
was  attributed  to  a change  in  sulfide  morphology.  An  additional  important 
consideration  is  the  amount  of  rare  earth  additions  required  to  inhibit  hydrogen 
embrittlement.  It  is  well  established  that  embrittlement  results  from  hydrogen 
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contents  as  low  as  10  ppm  (50).  Enough  rare  earth  must  be  in  the  alloy  system 
to  provide  Improvement  In  resistance  to  hydrogen  embrittlement  without  causing 
a significant  alteration  In  the  mechanical  properties  of  the  base  alloy  itself. 
Fabr IcabI I Ity  and  workability  of  alloy  systems  containing  these  rare  earths 
are  also  Important  factors  in  determining  their  potential  use. 

The  purpose  of  the  current  study  was  to  develop  a method  to  minimize  the 
effect  of  hydrogen  embrittlement  In  high  strength  steels  through  the  addition 
of  rare  earths.  Specifically,  efforts  were  concentrated  on  cerium  and  lanthanum 
additions  made  to  AISI  43^0  steel  plates.  The  experimental  approach  involved 
first  a determination  of  the  effect  of  various  amounts  of  these  rare  earths  on 
the  baseline  mechanical  properties  including  room  temperature  tensile  and 
Charpy  Impact  tests.  Resistance  to  hydrogen  embrittlement  was  then  characterized 
In  terms  of  delayed  failure  tests  conducted  on  specimens  cathodically  charged 
In  sulfuric  acid  and  cadmium  plated.  The  results  were  analyzed  to  determine 
which  element  had  the  greatest  potential  to  Improve  the  hydrogen  embrittlement 
resistance  of  43A0  steel. 


II  MATERIALS  AND  PROCEDURES 


Six  experimental  heats  of  AISI  were  used  for  this  study.  Material 

was  received  In  the  form  of  3/^"  (1*9  cm)  thick  plates.  The  processing 
operations  for  this  material  consisted  of  first  making  50  pound  (22.6  Kg) 
aluminum  deoxidized  vacuum  Induction  melted  Ingots  k 3/V'  (I3.1cm)  x l«" 

(10.0  cm)  X 10"  (25.^  cm)  which  were  then  forged  and  crossrolled  to  final 
shape.  Forging  and  cross-rolling  were  conducted  at  2I50°F  (1066*C)  in  5 
passes  to  obtain  a final  product  3/V'  (1.9  cm)  x 8-1/2"  (21.6  cm)  x 20"  (51 
cm).  The  material  was  then  annealed  at  1150®F  (621“C)  for  8 hours.  This 
Ingot  breakdown  procedure  Is  representative  of  typical  operations  conducted 
within  the  steelmaking  Industry  for  and  as  such  clearly  demonstrated  the 

workability  of  k}k0  steel  made  with  the  level  of  rare  earth  additions  studied 
In  this  program. 

The  compositions  for  these  heats  are  listed  in  weight  percent  (w/o)  in 
Table  I.  All  standard  elements  fell  within  the  specifications  for  AISI  A340. 

It  was  noted,  however,  that  the  heats  designed  to  contain  0.1  and  0.2  w/o 
lanthanum  also  contained  certain  amounts  of  cerium.  This  was  due  to  the  fact 
that  the  lanthanum  slllclde  used  to  make  the  rare  earth  addition  also  con- 
tained cerium  and  the  level  of  cerium  recovery  was  much  higher  than  expected. 

All  test  material  was  heat  treated  prior  to  finish  machining  according  to 
the  following  sequence: 

1.  Normalize  15  minutes,  salt  bath  at  I700®F  (927°C),  air  cool. 

2.  Austenitize  30  minutes,  salt  bath  at  1550°F  (8I*3*C),  oil  quench. 

3.  Temper  in  air,  1 hour  plus  I hour  at  A50®F  (232®C),  air  cool. 

The  l*50®F  (232*C)  tempering  temperature  was  selected  because  of  the  resultant 
high  strength  of  the  1*3^0  and  Its  Increased  sensitivity  to  hydrogen  embrittle- 
ment (51). 

Delayed  failure  testing  of  hydrogenated  and  plated  specimens  was  utilized 
to  determine  the  ability  of  rare  earth  additions  to  Inhibit  hydrogen  embrittlement. 
Prior  to  delayed  failure  testing,  however,  mechanical  property  characterizations 
were  conducted  to  determine  the  effects  of  the  rare  earth  additions  themselves 
on  the  uncharged  baseline  material  and  the  possible  embrittling  behavior  of 
their  hydrides  on  hydrogen  charged  material.  Evaluations  included  duplicate 
room  temperature  tensile  and  Charpy  impact  tests  performed  on  charged  and 
uncharged  specimens  having  the  configurations  shown  In  Figure  I.  Hydrogen  was 
Introduced  electrolytical ly  Into  the  specimens  with  a charging  condition 
selected  to  Insure  that  a condition  of  Irreversible  (i.e.,  severe)  embrittle- 
ment existed  (52).  The  procedure  Involved  degreasing  specimens  in  acetone 
followed  by  cathodic  charging  for  30  minutes  in  a sulfuric  acid  solution  at 
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a)  Tensile  Test  Specimen  Configuration 


2.165  ±.010 


b)  Charpy  Impact  Test  Specimen  Configuration 


Figure  1.  Schematic  illustration  of  tensile  and  Charpy  impact  specimen 
configurations  used  for  mechanical  property  characterization 
study.  All  dimensions  are  in  inches. 
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a current  density  of  0.02  amp/ in  (0.003  amp/cm  ).  Following  charging,  the 
specimens  were  rinsed  In  distilled  water  and  cadmium  plated  in  a sodium 
cyanide  cadmium  oxide  bath  containing  organic^br ightners  for  15  minutes  at  a 
current  density  of  0.14  amp/in^  (0.022  amp/cm^).  In  order  to  homogenize  the 
resulting  hydrogen  distribution,  the  specimens  were  baked  for  30  minutes  at 
300®F  (149*C)  In  air.  Previous  work  had  indicated  that  this  treatment  ef- 
fectively eliminates  the  hydrogen  gradient  produced  by  charging  (53). 

The  delayed  failure  tests  were  conducted  on  precracked  compact  K| 
plate  specimens  0.5"  (1.27  cm)  thick  having  the  configuration  shown  in  Figure 
2a.  The  specimen  orientation  for  these,  as  well  as  the  tensile  and  Charpy 
Impact  test  specimens  are  shown  in  Figure  2b,  and  represent  the  long  trans- 
verse direction.  To  facilitate  the  formation  of  a fatigue  precrack,  an  EDM 
slot  was  placed  at  the  root  of  the  machined  notch  0.050"  (i.27  mm)  deep  and 
0.010"  (.254  mm)  thick.  Precracking  was  then  performed  after  heat  treatment 
on  an  SF-IU  Sonntag  fatigue  machine  at  stresses  which  provided  the  desired 
crack  length,  0.6"  (1.52  cm),  in  40-50,000  cycles.  After  precracking,  the 
specimens  were  cleaned  with  acetone,  hydrogenated  and  plated  according  to  pro- 
cedures described  previously  for  the  mechanical  property  test  specimens. 

Tests  were  performed  on  constant  load,  self-leveling,  lever-loaded  Satec  creep 
rupture  machines.  Crack  growth  kinetics  were  determined  with  a 350  OHM  Bridge 
Fracture  Roughness  Clip  Gauge  Transducer  which  recorded  changes  in  the  speci- 
men compliance.  After  conversion  from  compliance  to  crack  length,  these 
length  values  were  plotted  as  a function  of  time  and  slopes  (da/dt)  were 
obtained  at  various  values  of  crack  length  and  plotted  versus  the  instan- 
taneous stress  Intensity  at  the  crack  tip.  Light  and  scanning  electron 
microscopy  and  electron  microprobe  analysis  was  used  on  selected  specimens  to 
determine  the  effect  of  the  rare  earth  additions  on  the  general  microstructue 
and  in  particular  the  crack  propagation  paths. 
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Ill  RESULTS  AND  DISCUSSION 


The  overall  objective  of  this  program  was  to  develop  a method  to  inhibit 
the  effect  of  hydrogen  embrittlement  In  high  strength  steels.  At  present  the 
current  inhibition  methods  are  limited  in  terms  of  overall  effectiveness  and 
are  usually  applied  only  to  specific  steels  for  certain  applications.  Rare 
earth  additions,  however,  have  shown  promise  as  a means  to  increase  the  re- 
sistance of  high  strength  steels  to  hydrogen  embrittlement.  In  the  current 
study  efforts  were  concentrated  on  cerium  and  lanthanum  additions  made  to  AISI 
^3^0  steel.  First  a determination  was  made  of  the  effect  of  various  amounts  of 

these  rare  earths  on  the  baseline  mechanical  properties.  Resistance  to 

hydrogen  embrittlement  was  then  characterized  In  terms  cf  delayed  failure 
tests  conducted  on  specimens  cathodically  charged  in  sulfuric  acid  and  cadmium 
plated. 

A.  Mechanical  Property  Characterization 

1 . Room  Temperature  Tensile  Results 

The  results  of  the  room  temperature  tensile  tests  for  both  uncharged 
and  charged  material  are  listed  in  Table  II  and  the  data  are  plotted  in 
Figures  3 and  4 as  a function  of  weight  percent  (w/o)  rare  earth.  For  ultimate 
and  0.2%  yield  strength.  Figure  3,  a maximum  occurred  in  the  range  .08-. 09  w/o 

for  both  rare  additions.  This  strengthening  behavior  as  a result  of  rare 

earth  additions  has  been  well  established  for  ferrous  alloys  and  has  been 
attributed  to  the  deoxidizing  and  desulfurizing  action  of  the  rare  earths  and 
to  the  resultant  change  In  sulfide  morphology  (5^, ^3)-  As  shown  in  Figures  5 
and  6,  however,  the  addition  of  greater  amounts  of  rare  earths  than  normally 
used  in  the  steel  Industry  (0.1  w/o)  resulted  in  massive  and  continuous  grain 
boundary  Inclusions  In  these  specimens.  Electron  microprobe  analysis  in- 
dicated that  In  the  case  of  the  baseline  alloy  inclusions  were  predominantly 
manganese  and  zirconium  rich  oxysulfides,  while  in  the  case  of  the  rare  earth 
alloys  the  Inclusions  were  primarily  rich  In  cerium,  iron,  and  oxygen  or 
lanthanum.  Iron  and  oxygen  depending  upon  which  rare  earth  was  added  to  the 
^3^0.  An  example  of  these  microprobe  results  are  shown  in  Figure  7 for  Heat 
Xl»21  (0.17  w/oCe) . In  spite  of  the  fact  that  the  continuous  inclusions  of- 
ferred  Ideal  paths  for  crack  propagation,  there  was  only  a slight  decrease  in 
strength  properties  compared  to  the  baseline  material.  For  example,  at  the 
0.16-0.17  w/o  level,  a decrease  of  2.3^  (Ce)  - 3>5^  (La)  was  observed  in 
ultimate  tensile  strength,  while  a decrease  of  1.9%  (Ce)  -3>5%  (La)  was 
observed  In  0.2%  offset  yield  strength. 

While  the  strength  properties  of  the  cerium  modified  k3^0  were  slightly 
superior  to  those  of  the  lanthanum  modified  steel,  the  overall  effect  was  not 
significant.  The  maximum  difference  in  ultimate  tensile  strength  was  1.0% 
while  the  maximum  difference  In  0.2%  offset  yield  strength  was  1.6%,  both 
occurring  at  the  highest  rare  earth  level.  Tests  were  also  conducted  on 
hydrogen  charged  and  cadmium  plated  specimens  to  determine  the  possible 
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ROOM  TEMPERATURE  - % ELONGATION  ROOM  TEMPERATURE  - % REDUCTION  AREA 


40  1“ 


10  I- 


O Ce  UNCHARGED 


Ce  CHARGED 


□ La  UNCHARGED 


La  CHARGED 


A BASE  UNCHARGED 
A BASE  CHARGED 


RARE  EARTH  CONTENT,  W/O 

Figure  4.  Room  temperature  percent  elongation  and  reduction  of  area 
results  plotted  as  a function  of  rare  earth  content  in 
AISI  4340  steel . 
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Figure  5.  Light  photomicrographs  of  base  and  cerium  rare  e 
AISI  43^40  steel.  Unetched.  500X  Magnification. 


a)  Back  Scatterred  Current  Image 


c)  Cerium  X-ray  Pattern 


Figure  7*  Electron  microprobe  photomici 
showing  back  scattered  and  al 
and  oxygen  X-ray  patterns  at 


b)  Absorbed  Current  Image 


t. 


d)  Oxygen  X-ray  Pattern 


ographs  for  Heat  XAZI  (0.17  w/o  Ce) 
sorbed  current  images  and  cerium 
800X  magnification. 


embrittling  effect  of  any  rare  earth  hydrides  formed.  Comparison  with  the 
results  for  uncharged  material  indicated  little  significant  effect.  The 
ultimate  tensile  strength  values  were  comparable  while  the  0.2%  yield  strengths 
were  approximately  0.8-1 .7%  higher  for  the  charged  material. 

The  room  temperature  percent  elongation  and  percent  reduction  of  area 
results  are  plotted  in  Figure  4 and  indicate  a decrease  with  the  addition  of 
both  cerium  and  lanthanum.  While  maxima  have  been  observed  in  the  ductility 
properties  of  rare  earth  modified  high  strength  steels,  these  have  usually 
occurred  at  much  lower  rare  earth  levels  than  used  in  the  present  study  (i.e., 

0.01-0.02  w/o)  (54). 

In  the  present  study  the  greatest  ductility  loss  was  obtained  at  the 
high  rare  earth  level.  For  example,  at  0.16-0.17  w/o,  a decrease  of  22.6% 

(Ce)  - 39-8%  (La)  was  observed  in  percent  elongation,  while  a decrease  of  31.1% 

(Ce)  - 44.6%  (La)  was  observed  in  the  percent  reduction  of  area.  In  spite  of 
this  ductility  loss,  however,  only  the  lanthanum  modified  4340  would  not  have 
met  the  required  ductility  specifications  for  Aircraft  Quality  4340  in  the 
450®F  (232®C)  - 475'*F  (246®C)  temper  condition  (transverse  percent  elongation 
6%  minimum,  transverse  percent  reduction  of  area  25%  minimum  - 30%  average)  (55). 

The  ductility  loss  in  these  steels  was  attributed  to  the  formation  of  massive  and 
continuous  grain  boundary  inclusions  which  offered  ideal  paths  for  crack 
propagation. 

Comparison  of  the  ductility  results  for  uncharged  and  hydrogen  charged 
material  indicated  only  that  hydrogen  charging  produced  no  serious  degrading 
effect  upon  the  properties.  Some  inconsistency  was  observed  in  the  data, 
however.  In  the  case  of  cerium,  charged  material  at  the  0.09  w/o  level  had 
higher  reduction  of  area  values  than  uncharged  material,  while  at  the  0.17  w/o 
level  the  reverse  was  true.  Similar  results  were  obtained  for  percent  elongation. 

In  the  case  of  lanthanum,  charged  material  at  the  0.08  w/o  level  had  lower 

reduction  of  area  values  than  uncharged  material,  while  at  the  0.16  w/o  level  | 

the  reverse  was  true. 

2 . Room  Temperature  Charpy  Impact  Results 

i 

The  results  of  the  room  temperature  Charpy  impact  tests  for  both 
uncharged  and  charged  material  are  listed  in  Table  III  and  the  data  are  plotted 
in  Figure  8 as  a function  of  w/o  rare  earth.  Comparison  with  the  baseline  | 

value  Indicated  a sharp  decrease  as  rare  earth  content  increased.  At  the 
0.16-0.17  w/o  level,  a decrease  of  approximately  53%  in  Charpy  impact  strength  ( 

was  observed  for  both  the  cerium  and  lanthanum  nxsdified  steels.  These  values 
were  approximately  15%  below  the  13.0  ft-lb  specification  for  Aircraft  Quality 
4340  In  this  temper  condition  (55)  and  reflect  the  embrittling  nature  of  the 
continuous  grain  boundary  inclusions  formed  at  the  high  rare  earth  levels. 

Studies  have  been  conducted  on  the  effects  of  rare  earth  additions  on  Impact 
resistance  and  it  has  been  well  established  that  transverse  impact  resistance 


Table  I I I 


Room  Temperature  Charpy  Impact  Results  for  Rare  Earth 
Modified  AISI  4340  SteeT 


Charpy  Impact  Load 

Heat  A1  loy  Test  Condition  ft.  lbs. 


X409 

Base  Al loy 

Uncharged 

23.5 

Charged 

23.5 

X4I0 

4340+0. 3Ce 

Uncharged 

17.8 

Charged 

19.5 

X41 1 

4340. 09Ce 

Uncharged 

13.0 

Charged 

14.5 

X421 

4340+. 17Ce 

Uncharged 

10.5 

Charged 

11.0 

X412 

4340+. 08La 

Uncharged 

16.5 

Charged 

16.3 

X422 

4340+. l6La 

Uncharged 

11.0 

Charged 

14.3 
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reaches  a maximum  when  the  rare  earth/sulfur  ratio  ranges  from  3'^  (^3,56). 
For  the  present  study,  however,  rare  earth/sulfur  ratios  ranged  from  8-42, 
indicating  that  the  region  of  optimum  impact  resistance  had  been  exceeded. 
Comparison  of  the  impact  resuits  for  uncharged  and  hydrogen  charged  materiai 
indicated  that  charged  material  in  general  exhibited  slightly  improved  impact 
resistance,  possibly  because  of  the  additional  tempering  effect  obtained  by 
the  300°F  (149°C)  homogenization  treatment  given  the  charged  material. 


Delayed  Failure  Results 


As  a basis  for  studying  the  hydrogen  embrittlement  resistance  of  rare 
earth  modified  4340  steel  delayed  failure  tests  were  conducted  on  specimens 
cathodically  charged  in  sulfuric  acid  and  plated  with  cadmium.  The  results 
are  discussed  in  the  following  sections  including  failure  characteristics, 
crack  growth  behavior  and  metal lographic  evaluations. 


1.  Failure  Characteristics 


Delayed  failure  tests,  which  employ  a series  of  varving  static 
loads,  represent  a most  sensitive  method  for  studying  hydrogen  embrittlement. 
The  low  strain  rates  allow  time  to  develop  a sufficient  hydrogen  concentra- 
tion at  the  precrack  to  produce  embrittlement.  The  essential  characteristics 
of  classical  delayed  failure  are  summarized  schematically  in  Figure  9a  (57). 
Note  that  delayed  failure  may  occur  over  a wide  range  of  applied  stress  and 
that  there  is  only  a slight  dependence  of  the  time  to  failure  upon  the  applied 
stress.  The  most  significant  characteristic  of  delayed  failure  behavior, 
however,  is  the  fact  that  there  is  a minimum  critical  value  of  stress  (the 
lower  critical  stress)  below  which  failure  does  not  occur.  Studies  performed 
on  hydrogen- induced  delayed  failure  of  sharply  notched  high-strength  steel 
specimens  indicate  that  an  incubation  time  precedes  crack  initiation.  Once 
a critical  amount  of  hydrogen  has  reached  the  area  in  front  of  the  crack  tip, 
cracking  then  proceeds  d i scont i nuousl y until  a critical  length  is  attained, 
and  rapid  failure  occurs  (53)*  A typical  crack  growth  curve  obtained  in 
delayed  failure  testing  is  shown  in  Figure  9t>  (52).  The  growth  curves  are  in 
reality  a series  of  incubation  periods  followed  by  instantaneous  crack 
extensions  (3). 


The  delayed  failure  curves  obtained  in  the  present  investigation 
are  presented  in  Figures  10-15.  Note  that  failure  times  are  plotted  as  a 
function  of  applied  stress  intensity.  The  results  indicate  that  rare  earth 
additions  can  have  a substantial  effect  on  failure  characteristics  in  terms 
of  both  failure  times  and  lower  critical  stress  intensity.  The  delayed 
failure  curve  for  the  baseline  4340  material  with  no  rare  earth  is  shown  in 
Figure  10.  The  essential  characteristics  of  hydrogenated  high  strength  steels 
are  evident  in  that:  (1)  cracking  proceeded  d i scont i nuousl y until  a critical 
length  was  attained  followed  by  rapid  failure,  (2)  failure  time  varied  only 
slightly  with  applied  stress  intensity  and  (3)  a lower  critical  stress  intensity 
was  obtained  below  which  delayed  failure  was  not  observed  after  10,000  minutes. 

In  this  material,  failures  were  observed  within  1000  minutes  at  stress  intensities 
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Figure  Sa . Schematic  representat ion  of  delayed  failure  characteristics 
of  a hydrogenated  high-strength  steel  (57). 
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Figure  9h.  Typical  crack  growth  curve  for  delayed  failure  of  hydrogenated 
high  strength  steel  (52). 


Figure  9.  Typical  embrittlement  characteristics  for  hydrogenated  and  plated 
high  strength  steel  specimens  including  delayed  failure  and  crack 
growth  behavior. 
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Delayed  Failure  Results  for  Precracked 
and  Cadmium  Plated  Baseline  43^0  Steel 


76.9 


Delayed  Failure  Results  for  Precracked  Specimens  of  Hydrogenated 
and  Cadmium  Plated  4340  Steel  Plus  0.08  Weight  Percent  Lanthanum 
(Hea  t X4l 2) . 


98.9 


and  Cadmium  Plated  Steel  Plus  0.16  Weight  Percent 

(Heat  Xk22) . 
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Delayed  Failure  Results  for  Precracked  Specimens  of  Hydrogenated 
and  Cadmium  Plated  43^0  Steel  Plus  0.09  Weight  Percent  Cerium 
(Heat  X4ll). 
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Delayed  Failure  Results  for  Precracked  Specimens  of  Hydrogenated 
and  Cadmium  Plated  1*340  Steel  Plus  0.17  Weight  Percent  C er  i urn 
(Heat  X^21) . 


which  were  approxitnatel y 35"90l  of  the  upper  critical  value.  Crack  initiation 
was  observed  at  approximately  100  minutes  and  a lower  critical  stress  intensity 
of  22.5  ksl  rTn.  (2k, S MPa  /m)  was  obtained. 

The  effects  of  lanthanum  additions  (0.08  and  0.16  w/o  levels) 
on  delayed  failure  of  43^0  steel  are  shown  in  Figures  11  and  12.  Note  the 
dramatic  Improvements  both  in  failure  times  and  lower  critical  stress  in- 
tensity at  the  high  lanthanum  content.  A lower  critical  stress  intensity 
of  70.5  ksl  /Tn.  (78.0  MPa  was  obtained,  representing  a three-fold 
improvement  over  the  non-rare  earth  baseline  material.  Crack  Initiation 
times  were  also  much  higher  with  the  higher  content  lanthanum  material. 

More  important,  however,  was  the  shape  of  the  delayed  failure  curve  itself. 

The  standard  type  curve  exhibited  by  the  baseline  k'ikO  in  Figure  10  was 
characterized  by  the  rather  sudden  decrease  from  the  upper  critical  to  the 
lower  critical  stress  intensity  over  a fairly  constant  range  of  failure 
times.  The  significance  of  this  behavior  lies  in  the  fact  that  design 
engineers  must  insure  that  service  conditions  do  not  exceed  the  lower  critical 
stress  intensity.  If  this  value  is  exceeded,  delayed  failure  from  hydrogen 
embrittlement  can  be  expected.  For  the  high  lanthanum  content  material. 

Figure  12,  the  difference  between  the  upper  and  lower  critical  values  was 
substantially  smaller  than  for  the  baseline  k^kO  and  the  decrease  was  much  more 
gradual.  These  results  suggest  a significant  improvement  in  resistance  to 
hydrogen  embrittlement  compared  to  the  baseline  k^kO.  In  particular,  the 
high  lanthanum  content  material  can  be  used  to  a substantially  higher  per- 
centage of  its  upper  critical  stress  intensity  without  danger  of  delayed 
failure  from  hydrogen  embrittlement.  This  is  particularly  significant 
for  high  strength  steel  components  such  as  landing  gears,  fasteners  and 
cables.  Their  production  includes  such  operations  as  acid  pickling 
cleaning  and  electroplating  which  can  introduce  hydrogen  into  the  component. 

The  effects  of  cerium  additions  (0.03,  0.09  and  0.17  w/o  levels) 
on  delayed  failure  of  k^kO  steel  are  shown  in  Figures  13"15.  In  general,  the 
results  were  quite  similar  to  those  for  the  lanthanum  additions.  As  cerium 
content  increased,  times  to  crack  initiation  and  to  failure  also  increased. 

A substantial  Improvement  in  lower  critical  stress  intensity  compared  to 
baseline  k3k0  was  also  observed  with  the  cerium  addition  made  at  the  highest 
level  (0.17  w/o).  The  79-5  ksi  /Tn.  (87.0  MPa^i)  value  obtained  for  the 
cerium  modified  k^kO  was  slightly  higher  than  the  70.5  ksi  /Tn.  (78.0  MPa  /m^) 
value  obtained  with  the  lanthanum  modified  steel.  These  results  represent 
approximately  a 3*1/2  fold  improvement  over  baseline  43^0  and  indicate  that 
the  rare  earth  modified  steels  can  be  designed  for  use  to  a higher  percentage 
of  their  upper  critical  stress  intensities  without  danger  of  delayed  failure 
from  hydrogen  embrittlement. 
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The  delayed  failure  results  clearly  indicated  that  a substantial 
improvement  could  be  obtained  in  the  hydrogen  embrittlement  resistance  of 
43^0  steel  through  additions  of  cerium  and  lanthanum.  This  improvement 
was  manifested  by  longer  times  to  crack  initiation  (incubation  time), 
longer  failure  times  and  higher  values  of  lower  critical  stress  intensity. 
Maximum  improvement,  however,  was  obtained  only  at  the  high  rare  earth 
levels  (e.g.,  0.16-0.17  w/o) . As  shown  in  Figures  5 and  6,  the  micro- 
structures for  these  rare  earth  modified  steels  exhibited  almost  continuous 
grain  boundary  inclusion  formations  along  prior  austenite  grain  boundaries. 
These  observations  suggest  a possible  mechanism  to  rationalize  the  enhanced 
resistance  to  hydrogen  embrittlement  exhibited  by  the  rare  earth  modified 
steel  . 

It  is  generally  agreed  that  a critical  combination  of  stress  state 
and  hydrogen  concentration  must  be  attained  to  initiate  a crack  (53).  With 
a given  hydrogen  concentration,  the  lower  critical  stress  intensity  is  that 
at  which  the  stress  state  is  sufficient  to  initiate  a crack.  At  lower  levels 
this  critical  value  is  not  achieved  and  the  steel  is  undamaged.  The  rationale 
of  the  incubation  period,  or  the  time  required  to  initiate  a crack,  is  based 
upon  the  interaction  between  hydrogen  concentration  and  the  stress  state. 

Under  the  action  of  stress- i nduced  diffusion,  hydrogen  migrates  to  the  point 
of  maximum  stress  triaxil  ity,  usually  in  close  proximity  to  sharp  defects  or 
notches  within  a component.  When  the  hydrogen  concentration  attains  a 
critical  value  (constant  for  a given  applied  stress)  a crack  initiates  at 
this  location  and  delayed  failure  ensues.  If  the  transport  of  hydrogen  can 
be  interrupted  or  delayed,  then  an  extended  time  interval  would  be  necessary 
to  build  up  the  hydrogen  at  the  point  of  crack  initiation. 

The  results  of  the  present  investigation  suggest  that  the  ability 
of  rare  earth  elements  to  getter  or  otherwise  entrap  hydrogen  was  responsible 
for  the  improved  resistance  to  hydrogen  embrittlement.  That  maximum  improve- 
ment was  obtained  only  at  the  higher  rare  earth  levels  can  be  rationalized 
by  the  fact  that  larger  amounts  of  cerium  and  lanthanum  were  required  to 
effectively  delay  the  critical  value  of  hydrogen  concentration  from  being 
reached  at  the  crack  tip.  Effective  hydrogen  entrappment  also  resulted  in 
a much  higher  magnitude  of  stress  state  being  required  to  propagate  the 
precrack.  Under  an  alternative  set  of  charging  conditions  different  amounts 
of  hydrogen  would  be  introduced  into  the  component,  resulting  in  the  fact 
that  changes  in  rare  earth  content  would  be  required  to  obtain  similar 
inhibitive  results.  At  the  lower  rare  earth  levels  used  in  the  present 
study  it  was  apparent  that  the  critical  hydrogen  concentration  was  achieved 
in  spite  of  the  fact  that  certain  amounts  were  probably  entrapped  enroute 
to  the  crack  tip.  It  can  thus  be  appreciated  how  a microstructure  consisting 
of  continuous  grain  boundary  rare  earth  inclusions  would  represent  a highly 
effective  barrier  against  hydrogen  diffusion  throughout  a high  strength 
steel  component. 
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2. 


Crack  Growth  Behavior 


The  principal  characteristic  of  sub-critical  crack  growth  under 
hydrogen  embrittlement  conditions  is  that  the  rate  of  crack  propagation, 
da/dt,  is  primarily  a function  of  K| , the  stress  intensity  factor  at  the 
crack  tip.  Under  steady  state  conditions  of  crack  growth,  K|  is  thus 
taken  to  be  a proper  representation  of  the  mechanical  crack  driving  force  (5^)  • 
Typical  steady  state  crack  growth  response  as  a function  of  K|  is  shown 
schematically  in  Figure  16.  The  relation  of  K|  to  the  logarithm  of  crack 
growth  rate  can  be  separated  into  three  distinct  regions.  Region  I is 
highly  dependent  on  K| , and  may  reflect  crack  acceleration  for  certain 
types  of  tests.  's  the  stress  intensity  factor  at  which  cracking 

begins  in  times  of  engineering  significance  (related  to  the  particular 
application  of  engineering  structure).  Region  II  is  nearly  independent 
of  K|  and  represents  a range  where  crack  growth  is  probably  limited  by 
the  rate  of  the  hydrogen  diffusion  process.  In  Region  III,  crack  growth 
approaches  the  condition  for  unstable  growth  because  of  overload.  For 
high  strength  materials,  under  conditions  approximating  plane  strain, 
the  condition  for  the  onset  of  unstable  growth  is  defined  by  K|  ■ K|j-, 
where  K|c  is  the  plane  strain  fracture  toughness  of  the  material. 

In  the  present  investigation  crack  growth  kinetics  were  measured 
with  the  use  of  compliance  gages  which  recorded  crack  opening  displacements 
during  each  of  the  delayed  failure  tests.  Calibration  specimens  were 
utilized  to  determine  the  relationships  between  crack  opening  and  crack 
length.  The  results  of  these  studies  are  shown  in  Figure  17  and  indicate 
that  the  individual  crack  growth  rate  curves  were  grouped  into  two  distinctly 
separate  bands  of  data.  In  the  band  to  the  lower  right  were  included  all  the 
crack  growth  curves  for  the  43^0  steel  modified  with  rare  earths  at  the  high 
levels  (i.e.,  0.16-0.17  w/o) . In  the  band  to  the  upper  left  were  included 
all  the  crack  growth  curves  for  the  baseline  43^0  as  well  as  the  rare  earth 
modified  steels  at  the  lower  rare  earth  contents.  Comparison  with  the 
schematic  representation  of  crack  growth  kinetics  under  sustained  loads 
shown  in  Figure  l6  indicates  that  the  data  bands  obtained  in  the  present 
study  are  representative  of  the  transition  zone  from  Regions  I to  II,  where 
crack  growth  rate  is  nearly  independent  of  K|  and  unstable  fracture  has  not 
yet  occurred.  That  the  crack  growth  data  could  be  represented  by  such  bands 
reflected  the  fact  that  within  each  band  there  were  no  definite  trends  avail- 
able to  establish  significant  differences  between  the  various  heats  of  steel. 
This  variability  or  scatter  between  individual  crack  growth  curves  has  been 
observed  previously  especially  in  stress  corrosion  testing  (58).  In  particular. 
Incubation  time  variability,  nonsteady-state  crack  growth  and  the  magnitude  of 
initial  K|  have  all  been  shown  to  exert  a considerable  influence  upon  sustained 
load  crack  growth  kinetics. 
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CRACK  GROWN  RATE,  ^ , IN/MIN. 


K|  , MPa  >m 


Baseline  1*3^0  and  l♦3**0  + Cerium 
or  Lanthanum  at  0.1  w/o  or  Less 


^3^0  + Cer i urn  or 
Lanthanum  at  the 
0.16-0.17  w/o  level 


In  spite  of  the  fact  that  significant  trends  could  not  be  established 
between  the  heats  of  steel  in  the  various  bands,  the  differences  between  the 
bands  themselves  were  significant.  In  the  high  rare  earth  steels,  for 
example,  crack  growth  was  not  observed  until  the  initial  applied  stress 
intensity  had  exceeded  70  ksi  /in.  (76.9  MPa  /m) . In  the  baseline  ^3^0  and 
low  rare  earth  level  steels,  however,  crack  growth  at  this  stress  intensity 
level  was  already  approaching  the  Region  II  plateau.  At  comparable  stress 
intensity  levels,  ranging  from  approximately  100  ksi  /in.  (110  MPa  /in)  to 
130  ksi  /i  n.  (143  MPa  /iti)  , crack  growth  kinetics  in  the  baseline  4340  and 
low  rare  earth  steels  was  an  order  of  magnitude  faster  than  that  exhibited 
by  the  high  rare  earth  steels.  As  a first  approximation  these  results 
indicate  that  the  safe  operating  life  for  high  rare  earth  steel  components 
would  be  considerably  greater  than  for  the  baseline  or  low  rare  earth  steels. 
This  crack  growth  behavior  can  be  explained  on  the  basis  of  hydrogen  diffus- 
ing to  the  crack  tip  and  resulting  in  discontinuous  crack  growth.  In  the 
high  rare  earth  content  material,  the  continuous  grain  boundary  inclusions 
acted  to  entrap  hydrogen,  inhibiting  its  transport  to  the  crack  tip.  Crack 
propagation  was  subsequently  retarded.  In  the  baseline  material  and  the 
low  rare  earth  steel,  the  transport  of  hydrogen  was  not  seriously  interferred 
with  and  crack  propagation  was  not  retarded. 


3 . Metal lographic  Evaluation 


Metal iographic  evaluations  including  light  and  scanning  electron 
microscopy  and  electron  microprobe  analyses  were  conducted  on  selected  speci- 
mens to  aid  in  the  interpretation  of  the  delayed  failure  results.  The  metal lo- 
graphic analyses  indicated  two  distinctly  different  types  of  characteristics 
grouped  much  along  the  same  lines  as  the  crack  growth  results.  The  baseline 
4340  steel  and  that  modified  with  rare  earths  at  the  low  levels  (<0.1  w/o) 
exhibited  one  type  of  behavior  while  that  modified  with  rare  earths  at  the 
high  levels  (>0.15  w/o)  exhibited  another  type  of  behavior.  In  general,  the 
fracture  surfaces  of  specimens  representing  baseline  4340  behavior  contained 
a duplex  type  appearance.  Starting  near  the  fatigue  precrack  was  an  extensive 
area  of  predominantly  intergranular  fracture  morphology.  As  the  hydrogen  in- 
duced crack  growth  proceeded  in  the  specimens,  the  amount  of  intergranular 
morphology  decreased,  being  replaced  by  a dimple  rupture  morphology.  At  the 
point  of  unstable  crack  growth  due  to  overload,  the  ^racture  appearance  was 
completely  dimple  rupture  In  nature.  This  basic  fracture  appearance  was  the 
same  regardless  of  the  value  of  initial  applied  stress  intensity.  However, 
specimens  tested  at  higher  initial  stress  intensity  levels  exhibited  much 
smaller  regions  of  intergranular  fracture  morphology.  This  suggested  that 
much  less  hydrogen  Induced  crack  growth  occurred  before  the  stress  intensity 
levels  required  to  cause  overload  failures  were  reached. 


As  shown  by  the  scanning  electron  microphotographs  in  Figures  18  and 
19.  the  fracture  appearances  of  4340  steel  modified  with  rare  earths  at  the 
high  levels  were  substantially  different  from  those  characterized  by  the 
baseline  4340  steel.  The  photos  In  these  figures  were  taken  at  500X  magnifi- 
cation at  a point  approximately  0.04"  (5  mm)  away  from  the  fatigue  precrack. 
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Scanning  Electron  Microphotographs  Taken  at  500X 
Magnification  of  the  Fracture  Surfaces  of  43^0 
Baseline  Steel  and  1*3^0  Steel  Modified  with  Rare 
Earths  at  the  Low  Levels  (^0.1  w/o) . Photos 
Were  Taken  at  a Point  O.Ol*"  (5  nxn)  From  Fatigue 
Precrack. 


a)  Heat  X421  - 0.17  w/o  Cerium 


b)  Heat  Xii22  - 0.16  w/o  Lanthanum 


Scanning  Electron  Hicrophotographs  Taken  at  500X. 
Magnification  of  the  Fracture  Surfaces  of  ^3^0 
Steel  Modified  with  Rare  Earths  at  the  High  Level 
(^0.15  w/o).  Photos  were  Taken  at  a Point  0.04" 
(5  mm)  From  Precrack. 
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The  intergranular  fracture  morphology  shown  In  Figure  18  for  the  baseline  1*3^0 
type  behavior  was  indicative  of  hydrogen  Induced  crack  growth.  Note  the  ap- 
pearance of  greater  amounts  of  intergranular  material  (rare  earth  oxide  in- 
clusions) on  the  fracture  surface  as  rare  earth  content  increases.  In  contrast 
to  this,  the  fracture  surfaces  shown  in  Figure  19  for  the  high  rare  earth 
content  material  are  primarily  dimple  rupture  in  appearance.  This  overload 
type  of  fracture  morphology  was  characteristic  of  the  entire  fracture  surface 
of  these  specimens.  It  must  be  pointed  out  that  crack  growth  was  not  observed 
in  these  materials  until  much  higher  levels  of  stress  intensity  were  attained 
compared  to  the  baseline  type  material.  Thus,  little  hydrogen  assisted  crack 
t growth  occurred  in  these  specimens  before  the  onset  of  unstable  crack  growth 

and  overload  failure. 


IV  SUMMARY  AND  CONCLUSIONS 


Experiments  were  conducted  to  develop  a method  to  inhibit  the  effect 
of  hydrogen  embrittlement  in  high  strength  steels.  The  investigation  in- 
cluded a study  of  the  effect  of  cerium  and  lanthanum  rare  earth  additions 
made  to  AISI  ^3^0  steel  in  an  effort  to  getter  or  entrap  hydrogen.  The  ex- 
perimental approach  involved  first  a determination  of  the  influence  of 
various  amounts  of  these  rare  earths  on  the  baseline  mechanical  properties 
of  450°F  (230°C)  temper  material  including  room  temperature  tensile  and 
Charpy  impact  tests.  Resistance  to  hydrogen  embrittlement  was  then 
characterized  in  terms  of  delayed  failure  tests  conducted  on  specimens 
cathodically  charged  In  sulfuric  acid  and  plated  with  cadmium.  The  results 
were  analyzed  to  determine  which  element  had  the  greatest  potential  to  im- 
prove the  hydrogen  embrittlement  resistance  of  k'ikO  steel. 

For  this  investigation  lanthanum  and  cerium  were  added  at  the  0.1- 
0.2  weight  percent  (w/o)  levels  to  aluminum  deoxidized  vacuum  induction 
melted  ingots.  Forging  and  cross  rolling  were  conducted  utilizing  break- 
down procedures  representative  of  typical  operations  conducted  within  the 
steel  making  industry.  The  ability  to  work  this  ingot  to  plate  form 
clearly  demonstrated  the  workability  of  A3^0  steel  made  with  the  level  of 
rare  earth  additions  studied  in  this  program. 

Room  temperature  tensile  results  for  both  uncharged  and  hydrogen 
charged  material  were  comparable  and  indicated  little  difference  between 
the  elements.  A maximum  occurred  in  the  ultimate  and  0.2^  yield  strengths 
at  approximately  0.1  w/o  for  both  rare  earth  additions.  This  strengthening 
behavior  was  attributed  to  the  deoxidizing  and  desulfurizing  action  of  the 
rare  earths.  At  higher  rare  earth  contents,  massive  and  continuous  rare 
earth  oxide  inclusions  formed  at  prior  austenite  grain  boundaries  resulting 
in  a slight  i^%)  decrease  in  strength  properties  compared  to  the  baseline 
ma  ter  ia  1 . 

The  room  temperature  percent  elongation,  percent  reduction  of  area 
and  Charpy  impact  energy  all  decreased  with  the  addition  of  both  cerium  and 
lanthanum.  Again,  there  was  little  difference  between  the  elements  or 
between  charged  and  uncharged  material.  In  spite  of  this  ductility  loss, 
however,  only  the  lanthanum  modified  would  not  have  met  the  required 

ductility  specifications  for  Aircraft  Quality  1*3^0  in  this  temper  (transverse 
percent  elongation  - (>%  minimum,  transverse  percent  reduction  of  area  - 25% 
minimum).  At  the  high  rare  earth  levels  the  Charpy  impact  energies  de- 
creased to  approximately  15%  below  I3<0  ft.  lb.  Aircraft  Quality  specifica- 
tion. The  ductility  and  impact  losses  in  these  steels  were  attributed  to 
the  formation  of  massive  and  continuous  grain  boundary  inclusions  which 
offered  ideal  paths  for  crack  propagation. 
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The  delayed  failure  results  indicated  that  a substantial  improvement 
could  be  obtained  in  the  hydrogen  embrittlement  resistance  of  ^3^0  steel 
through  additions  of  cerium  and  lanthanum.  Improvement  could  be  observed 
in  terms  of  longer  times  to  crack  initiation  (incubation  time),  longer  failure 
times,  higher  values  of  lower  critical  stress  intensity  and  lower  crack  growth 
rates  compared  to  baseline  ^3^0  material.  It  is  important  to  note,  however, 
that  the  maximum  improvement  was  obtained  only  at  the  high  rare  earth  levels 
(e.g.,  0.16-0.17  w/o)  for  both  elements.  The  most  significant  aspects  of  this 
increased  resistance  to  hydrogen  embrittlement  were  manifested  in  terms  of 
higher  values  of  lower  critical  stress  intensity  and  lower  crack  growth  rates. 
For  example,  the  lower  critical  stress  intensities  for  the  high  content  rare 
earth  steels  were  approximately  three  times  higher  than  that  of  the  ^3^0  base- 
line material.  Cerium,  with  a value  of  79.5  ks i >(70 . (87.0  MPa  was  slightly 
more  beneficial  than  lanthanum,  70.5  ksi  i n . (78.0  MPa  fm) , in  this  respect. 
These  considerations  suggest  that  the  high  rare  earth  content  steels  can  be 
designed  for  use  to  a higher  percentage  of  their  upper  critical  stress 
intensities  without  danger  of  delayed  failure  from  hydrogen  embrittlement. 

The  crack  growth  results  were  included  in  a band  of  data  indicating  there  were 
no  significant  differences  between  the  lanthanum  or  cerium  additions.  However, 
comparison  with  the  baseline  and  low  rare  earth  steels  indicated  that 

crack  growth  was  an  order  of  magnitude  lower  in  the  high  rare  earth  steels. 

As  a first  approximation  these  results  indicate  that  the  safe  operating  life 
for  high  rare  earth  steel  components  would  be  considerably  greater  than  for 
the  baseline  or  low  rare  earth  steels. 

The  results  of  this  study  suggest  that  the  ability  of  rare  earth  elements 
to  getter  or  otherwise  entrap  hydrogen  was  responsible  for  the  improved  re- 
sistance to  hydrogen  embrittlement.  That  improvement  was  obtained  only  at 
the  high  rare  earth  levels  was  rationalized  on  the  basis  of  the  fact  that 
larger  amounts  of  cerium  and  lanthanum  were  required  to  effectively  delay  the 
critical  value  of  hydrogen  concentration  from  being  reached  at  the  crack  tip. 
Effective  hydrogen  entrapment  also  resulted  in  a much  higher  magnitude  of 
stress  state  being  required  to  propagate  cracks. 


V RECOMMENDATIONS  FOR  FUTURE  WORK 


In  this  study  it  was  demonstrated  that  a significant  improvement  can 
be  obtained  in  the  hydrogen  embrittlement  resistance  of  hydrogenated  and 
plated  AISI  43^0  steel.  Additions  of  lanthanum  and  cerium  at  approximately 
0.15  weight  percent  resulted  in  substantial  improvement  in  hydrogen  embrittle- 
ment resistance  including  increased  times  to  crack  initiation  and  failure, 
higher  values  of  lower  critical  stress  intensity  and  significantly  lower 
crack  growth  rates.  Further  work  is  required,  however,  before  the  technical 
approach  and  inhibition  methods  developed  in  this  study  can  be  applied  to  a 
wider  range  of  hydrogen  embrittlement  problems. 

For  example,  additional  studies  should  be  initiated  to  improve  the 
baseline  mechanical  properties  of  the  rare  earth  steels.  The  rare  earth 
levels  characterized  by  the  most  significant  improvements  in  resistance  to 
hydrogen  embrittlement  resulted  in  microstructures  containing  continuous 
grain  boundary  rare  earth  oxide  inclusions.  These  were  ideal  fracture  paths 
and  resulted  in  a decrease  in  room  temperature  ductility  and  Charpy  impact 
energy.  Efforts  should  be  concentrated  on  melting  techniques  to  minimize 
the  formation  of  these  film-like  inclusions.  An  alternative  approach  might 
be  optimized  forging  and/or  ingot  breakdown  procedures  incorporating  con- 
trolled amounts  of  deformation  to  homogenize  this  microstructure. 

Another  important  area  of  future  research  should  be  the  development 
of  a more  basic  understanding  of  the  mechanisms  responsible  for  this 
inhibition  behavior.  Studies  here  should  include  permeability  measurements 
and  the  hydrogen  analysis  of  specimens  hydrogenated  at  various  charging 
conditions.  If  the  large  differences  in  the  kinetics  and  failure  times  of 
the  hydrogenated  A3^0  steel  of  different  rare  earth  content  are  due  to  the 
differences  in  hydrogen  mobility  or  the  fact  that  hydrogen  is  being  trapped, 
then  permeability  measurements  using  the  time  lag  to  obtain  a measure  of 
apparent  hydrogen  diffusivity  should  show  a difference  which  can  be  directly 
correlated  with  delayed  failure.  Hydrogen  analyses  would  also  be  useful  for 
substantiating  the  ability  of  rare  earths  to  getter  hydrogen.  Once  failure 
has  occurred  in  the  hydrogenated  and  plated  specimens,  the  uncombined  hydrogen 
can  diffuse  through  the  matrix  and  exit  through  the  fresh  fracture  surface. 

If  hydrogen  has  been  trapped  by  the  rare  earth  getters,  however,  it  cannot 
diffuse  and  remains  instead  in  its  combined  form  within  the  specimen.  Thus, 
specimens  with  higher  rare  earth  contents  should  contain  larger  amounts  of 
entrapped  hydrogen. 

Finally,  the  trend  of  the  rare  earth  effects  characterized  in  the 
present  program  indicated  that  the  inhibition  behavior  was  extremely  sensitive 
to  rare  earth  content.  This  critical  rare  earth  content  may  vary  with  alloy 
system  and  with  the  type  of  hydrogen  embrittlement  problem  anticipated  in 
service.  Once  an  understanding  of  the  basic  mechanisms  responsible  for  rare 
earth  inhibition  has  been  achieved,  this  approach  can  be  expanded  to  other 
type  high  strength  steels  and  service  environments  or  conditions.  It  is 
anticipated  that  such  studies  would  include  efforts  to  optimize  the  rare 
earth  content  for  the  particular  alloy  or  application. 
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